two-dimensional crystal-like structure -150 stacked nanosheets would have the same thickness as a human hair. In water-based media, the surfaces have a high density of negative charges, which are balanced by an overlayer of positively charged ions, thus forming electric double layers that repel each other and ensure efficient dispersion of the nanosheets.
If TiNS were simply mixed into a hydrogel, they would adopt the thermodynamically most favourable orientation, in which the sheets are orthogonal to each other. But Liu and colleagues observed that TiNS align co facially when placed in a magnetic field strong enough to overcome the energy barrier to the formation of this arrangement. They therefore magnetically aligned TiNS in a solution of a hydrogel precursor, and then polymerized the precursor, trapping the nanosheets in the resulting polymer network so that they did not orient back to the orthogonal position.
The hydrogel turned out to have some remarkable properties. First, a simple visual inspection revealed that it is almost transparent from one angle, but completely opaque from another. This is clear evidence of strong orientation (structural order) in the material, and confirms that the nanosheets are ideally aligned. Such perfect structural order is rarely seen.
Second, Liu and co-workers observed that the hydrogel exhibits impressive mechanical behaviour, even though the concentration of the nanosheets is a mere 0.8% by weight. When the authors compressed the material ortho gonal to the nanosheet plane, the resistance from the hydrogel was several times higher than that from compression parallel to that plane. This is the opposite of what happens in conventional fibre-reinforced materials, which are more resistant to compression parallel to the axis of alignment of the fibres. This unusual behaviour of the new material arises from the repulsive forces between the nanosheets, which prevents the layers of sheets from getting closer when compressed. And when the researchers applied shear (a force coplanar with the cross-section of the material) parallel to the nanosheet plane, resistance was about four times less than when shear was applied orthogonal to that plane. This is because the layers of nanosheets can slide across each other with almost no friction when parallel shear is applied.
Liu et al. report that the material's unusual mechanical behaviour has excellent vibration-damping properties when a large, continuous oscillatory motion is applied vertically to cylindrical samples that carry a load on top. Conventional hydrogels would initially compress and then undergo cycles of expansion and compression -this was also what happened when the authors applied an oscillatory force parallel to the nanosheet planes of their material (Fig. 1a) . But when they applied such a force orthogonally to the nanosheet planes, the hydrogel counter intuitively showed restricted, almost solely horizontal deformation (Fig. 1b) .
The hydrogel can thus efficiently direct force from one direction to the plane orthogonal to the force -in Liu and colleagues' words it is an excellent vibration isolator. An explanation for this rare behaviour is that, when a vertical force is applied to the hydrogel, the easiest way for the material to dissipate the energy is by shearing in the plane orthogonal to the deformation. Such efficient vibration isolation is reminiscent of a trampolinist at the end of a competitive routine, when the gymnast needs to become perfectly still after landing on the elastic trampoline. Gymnasts achieve this through tremendous body control largely involving technique, but also assisted by articular cartilage that isolates vertical movement in the soft joints of the body.
Articular cartilage is a complex hydrogel consisting of proteoglycan gel -essentially a protein-based substance that underpins the extracellular matrix of connective tissuewithin which chondroitin sulphate (which consists of chains of sugars) is dissolved. The load-bearing and damping properties required for joints are provided by systematic structuring of collagen fibres and chondrocytes (the cells that maintain cartilage), along with repulsive forces between the negatively charged proteo glycan molecules 4 . The loadbearing and damping properties of Liu and co-workers' hydrogel closely resemble those of articular cartilage, although its structure is much simpler than that of the natural material.
So could the new hydrogel, or another material that exploits repulsive forces, be used as artificial cartilage? It is estimated that a human knee or hip joint can experience one million loading cycles per year. These large, cyclic stresses and strains may cause tiny cracks on the surface of articular cartilage or within the bulk material. These cracks can be repaired by chondrocytes, but may grow and accumulate into microscopically observable damage 4 . It would therefore probably be too ambitious to replace articular cartilage with the hydrogel unless a self-healing mechanism for the new material can be developed. But self-healing mechanisms are based on attractive forces; exploiting such forces in a system based on repulsion may not be easy without destroying desirable properties. Even so, the new hydrogel will surely be developed into many interesting products -for example, it could be used in microelectronic applications, in which the hydrogel could act as a matrix between electronic elements to strongly reduce harmful vibrations. ■ 
Anne Ladegaard Skov is in the Danish

Photosynthetic complex in close-up
Photosystem II, a photosynthetic protein complex, is prone to X-ray damage during crystallography. A high-resolution structure of the undamaged complex now offers a detailed view of its catalytic centre. See Letter p.99
I L M E S C H L I C H T I N G
T he oxygen we breathe is produced by photosystem II, a large protein complex located in the thylakoid membranes of photo synthetic organisms (Fig. 1) . In this issue (page 99), Suga et al. 1 describe the first highresolution crystal structure of undamaged photo system II, obtained using an X-ray source called a free-electron laser. Their structure provides unprecedented insight into the oxygen-evolving complex of the photosynthetic apparatus.
Photosystem II transforms the energy of sunlight into chemical energy. In this process, the absorption of a photon results in a charge separation in the photosynthetic reaction centre of the protein complex, and the generation of a high-energy electron. This electron is ultimately used to chemically reduce plastoquinone molecules, as part of the electron-transport chain of the light-dependent reactions of photosynthesis.
The electron is replaced by the oxygenevolving complex (OEC) of photosystem II: the OEC is oxidized with each photonabsorption event until it has been oxidized four times, and then resets itself by splitting water into an oxygen molecule, four protons and four electrons. Understanding the water-splitting reaction and the detailed arrangement of the atoms in the catalytic OEC required for energy-, electron-and proton-transfer reactions is crucial for basic science, and has implications for the design of light-driven batteries.
X-rays are extremely useful for structure determination, but they inflict radiation damage that can destroy the sample being investigated, sometimes before data collection is complete. Previous X-ray crystallographic studies 2,3 had provided detailed insight into the molecular architecture of photosystem II and the OEC, using crystals kept at cryogenic temperature during data collection to slow radiation damage. However, spectroscopic studies 4 showed that X-ray doses from the synchrotron sources used for structure determination result in serious damage to the OEC, indicating that the manganese atoms in the crystal structures are reduced 2 by the ionizing effects of X-rays and by radicals formed during data collection.
This problem now seems to have been solved with the advent of X-ray free-electron lasers (FELs), X-ray sources that provide ultra-bright femtosecond X-ray pulses (1 femtosecond is 10 −15 seconds). They allow 'diffraction before destruction' -the ability to detect diffraction patterns before damage occurs. This has led to the development of a technique called serial femtosecond crystallography (SFX) 5 , in which individual samples are exposed to a single pulse of X-rays; the samples are destroyed by the exposure, and so are replaced after each pulse. Data are thus collected from thousands of micrometre-scale crystals in a serial fashion. Randomly oriented microcrystals are conveniently and efficiently delivered to the X-ray beam in liquid microjets, which allows data to be collected at room temperature using crystals kept in the mother liquor from which they were grown.
Other groups have previously used FELs to collect SFX data from streams of photosystem II microcrystals [6] [7] [8] . Spectroscopic measurements 9 taken simultaneously with the SFX data showed that the OEC was not damaged, even though the microcrystals absorbed an extremely high dose of X-rays from the femto second pulses. However, no detailed information about the OEC's architecture could be derived from the diffraction data because the microcrystals did not diffract to high resolution. Poor diffraction is a common problem in macromolecular crystallography, in particular with membrane proteins. Because of their large size, macromolecules typically form crystals that have a high solvent content and that are held together by relatively few weak inter actions. This explains their high fragility and often poor crystalline order.
In their quest to obtain a high-resolution structure of the un damaged OEC, Suga and co-workers used not only the advantages of damage-free data collection afforded by X-ray FELs (in this case, the SACLA instrument in Harima, Japan), but also their expertise in improving the quality of large crystals of photosystem II by dehydration 3 . Crystal packing, and thus diffraction properties, can be optimized by slow, controlled dehydration of crystals, an approach that has been applied successfully even to large macromolecular complexes.
An additional advantage of using large crystals is that it allows more than one diffraction pattern to be obtained from the same crystal by shifting it to expose a fresh spot. Suga et al. obtained data of excellent quality by rotating crystals for each X-ray exposure, so that each rotation represented a fraction of the crystal's mosaicity (a measure of the spread of crystalplane orientations). This approach, which can be described as serial femtosecond rotation crystallography (SF-ROX), has previously been used 10 to collect data from crystals of the enzyme cytochrome c oxidase, another acutely radiation-sensitive system that evaded analysis using synchrotrons.
The new high-resolution structure depicts undamaged photosystem II in its darkstable resting state (the S 1 state). It reveals the detailed arrangement of the OEC (see Fig. 1a of the paper), which consists of a cluster of four manganese ions and one calcium ion, with five oxygen atoms bridging the metals. Several water molecules are tightly bound close to the OEC. The authors observed slightly shorter distances between the manganese ions, compared to the previously determined highresolution X-ray-damaged structure 3 . Notably, the distances between one of the oxygen atoms (designated O5) and its neighbouring manganese ions are longer than those of the other oxygen atoms -this had previously been observed 3 , but it was unclear whether this was caused by radiation damage. This observation suggests that O5 is a hydroxide ion (OH -), rather than an oxo ligand (O 2-), and so may be one of the OEC's substrate oxygen atoms. The researchers confirmed the accuracy and precision of their structures by obtaining two independent data sets, and by separately analysing data from the two monomers of the dimeric photosystem II complex.
Suga and colleagues' structure provides detailed information that will aid our understanding of the OEC's spectroscopic data, serve as a new starting point for computational studies of the water-splitting reaction, and provide invaluable clues about the mechanism of that reaction. An exciting next step would be to obtain time-resolved measurements using the SF-ROX approach, to provide an equally detailed view of the OEC at work. ■
